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Our understanding of inducible plant defense responses was greatly increased by the characterization of disease resistance genes from a variety of
plant–pathogen interaction models. In the paper we aimed to characterize conserved motifs in the NBS domains, to determine their evolutionary fate.
Using combined iterative data-mining approaches we effectively expanded the dataset, but the number of NBS-LRR sequences obtained was much
lower than projected. We interpret this as evidence supporting low basal transcription levels as expected for R genes situated at the very start of signal
amplification cascades. Motif analysis showed all key motifs of the NBS-LRR CNL domain present, with no evidence for TNL type sequences as
previously observed for monocotyledonous taxa. Significant overlap between Triticeae CNLmembers and CNL R genes from other taxa was found.
Three recently diverged clades of paralogous NBS-core sequences for barley was tested for gene-conversion events, but none was found,
contradicting results from Arabidopsiswhere even ectopic gene-conversion events were detected. Non-synonymous to synonymous substitution rate
ratio tests for comparing evolution of recent paralogous and homeologous duplications showed that the NBS-core domain of three barley paralogue
clades were under strong purifying selection in contrast to the wheat go35CNL gene, where four different non-synonymous substitutions were found.
Only synonymous differences were seen between sequences obtained from two diploid wheat ancestors (A. tauschii and A. speltoides). We consider
this as evidence supporting a divergence-before-duplication model of R gene evolution.
© 2007 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: CNL; Gene duplication; go35; NBS-LRR; Resistance gene; TNL; Triticeae1. Introduction
The isolation and sequencing of disease resistance genes
from a variety of plant–pathogen interaction models has greatly
increased our understanding of inducible plant defense
responses. A large fraction of these interactions are best
described by the gene-for-gene model introduced by Flor
(1971), which states that the elicitation of a successful disease
resistance response in the plant host requires a functional
resistance (R) gene in the host and its specific avirulence (Avr)
gene complement in the phytopathogen. More than forty of
these R genes have been isolated to date and they show
interesting relationships at DNA and amino-acid level (Meyers
et al., 1999; Martin et al., 2003), as well as domain association⁎ Corresponding author.
E-mail address: anna.oberholster@up.ac.za (A.-M. Botha).
0254-6299/$ - see front matter © 2007 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2007.08.007with pathogen-derived eliciting agents (Burch-Smith et al.,
2007). Based on the modular domains present resistance genes
can be subdivided into five classes, some of which share
functional domains and the signalling network of the hyper-
sensitive response (HR).
The five classes are based on domain structure and function
and consist of detoxifying enzymes, intracellular serine–
threonine protein kinases, nucleotide-binding site leucine-rich
repeat proteins (NBS-LRRs), transmembrane LRR receptor-like
proteins and transmembrane LRR receptor kinases (Hammond-
Kosack and Jones, 1997). The majority of cloned R genes
belong to the NBS-LRR class which can be subdivided into two
subfamilies based on the identity of the N-terminal domain. The
latter carries either a coiled coil (CC) or a Toll-Interleukin
Receptor homologous (TIR) domain (Hammond-Kosack and
Jones, 1997). More than 70% of NBS-LRR R genes belong to
the CC-NBS-LRR (CNL) subfamily, which appears to be thets reserved.
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monocotyledonous plants (Meyers et al., 2002).
Angiosperm genomes harbour large numbers of NBS-LRR
genes, comprising roughly 1% of genes encoded by the Ara-
bidopsis thaliana and 1% of Oryza sativa genomes (Monosi
et al., 2004). Members generally occur in clusters, containing
closely related paralogous sequences, but in some cases
multiple divergent NBS-LRR groups occur in a single cluster
(Hammond-Kosack and Jones, 1997). A substantial number of
NBS-LRR R genes occur as singletons, examples of these are
RPS2 (Mindrios et al., 1994), RPM1 (Grant et al., 1995) and
RPS5 (Warren et al., 1998).
Two opposing, but not mutually exclusive models currently
serve as heuristics for describing the evolution of multi-gene
families. The concerted evolution model (Irwin and Wilson,
1990) predicts high rates of intergenic gene conversion between
members of a gene cluster causing individual gene clusters to
diverge as units from each other. And thus, paralogues in a gene
cluster will become closer related than orthologues following a
speciation event. In contrast, the birth-and-death model (Nei
et al., 1997) predicts low rates of intragenic gene conversion
with orthology maintained for the individual loci in clusters.
New specificities are “born” when duplicated loci, freed from
selective constraints, adopt new functionality. The latter model
captures many of the characteristics of NBS-LRR family
evolution as seen in previous studies in a diverse range of plant
taxa (Michelmore and Meyers, 1998).
In the present study we aimed to characterize the domain
structure, diversity and evolution of the CNL gene family in
cereal species of the Triticeae tribe, in context of current models
of the evolution of this multi-gene family in other plant taxa.
Our first objective to this end was to establish a comprehensive
dataset of publicly available sequences for NBS domains of the
NBS-LRR gene family. Using this dataset we aimed to
characterize conserved motifs in the NBS domains, to determine
whether they represent the CNL families characterized in other
plant species, and to consider any evidence for TIR-NBS-LRR
(TNL) type NBS domains. We further aimed to study the
relationship of Triticeae NBS-LRR clades with functional CNL
R genes by performing a number of phylogenetic analyses on
the union of these two datasets. We also aimed at characterizing
the evolution of the gene family at the hand of existing models
of multi-gene, and more specifically, R gene evolution.
Models of multi-gene family evolution (Otto and Yong,
2002), built around classic population genetics, predict that loci
where overdominant selection is possible are likely to produce
the majority of fixed gene duplications observed in natural
populations. In these populations, new specificities are
generated as alleles at a single locus prior to duplication via
unequal recombination in a heterozygote, as opposed to
previous applications of the birth-and-death model where
duplication precedes divergence (Michelmore and Meyers,
1998). Considering that numerous NBS-LRR loci with alleles
encoding multiple specificities are well known (Ellis et al.,
1999; Wei et al., 2002), it can be assumed that either balancing
or overdominant selection is most likely operating across these
loci. In the context of this model, we aimed to study twoduplication events for which this model predicts different
outcomes: paralogous gene duplications (functional divergence)
and allopolyploidy mediated homeologous gene duplications
(mutation to pseudogene). In order to compare the evolutionary
fate of these two types of duplications, we studied basic
parameters of gene family evolution, including non-synony-
mous to synonymous substitution rate (Ka:Ks) ratios and gene-
conversion rates. We obtained and studied NBS-LRR sequences
resulting from recent paralogous expansions in the diploid
barley genome, while identifying homeologous NBS-LRR
sequences for the A (Triticum urartu), B (Aegilops speltoides)
and D (A. tauschii) genomes of hexaploid wheat by PCR, using
specific primer sets targeted to a previously mapped NBS-LRR
sequence, go35 (Lagudah et al., 1997). The Cre3 NBS-LRR
locus contains a cluster of NBS-LRR genes on chromosome
2DL, which was recently used to detect a new homologous
locus on 2BL through hybridization techniques (De Majnik
et al., 2003).
2. Materials and methods
2.1. Plant materials
T. turgidum (AABB), T. urartu (likely AA donor), A.
speltoides (likely BB donor) and A. tauschii (DD) seed
(accessions PI 221425, PI 428317, PI 499261 and TA 1649,
respectively) was obtained from the Germplasm Bank at Kansas
State University. Hexaploid wheat (AABBDD) ‘Tugela DN’
(‘Tugela’/⁎5 SA1684) seed was obtained from the Small Grain
Institute, Bethlehem, South Africa. Seeds were planted in well-
drained potting soil and kept in a controlled environment at a
day–night cycle of 12 h and at 16 °C.
2.2. Methods in database mining
2.2.1. PSI-BLAST searches
Previously annotated NBS-LRR sequences were retrieved
from the Genbank database (all non-redundant Genbank CDS
translations, RefSeq Proteins, PDB, SwissProt, PIR and PRF) at
NCBI for members of the Triticeae tribe using Position Specific
Iterated BLAST (PSI-BLAST) searches (Altschul et al., 1990).
The amino-acid sequence of the NBS domain of Lr21 (Huang
and Gill, 2001; Huang et al., 2003) was used as the initial seed
for building an initial Position Specific Scoring Matrix (PSSM).
Using the full amino-acid sequence was less effective since
proteins containing more variable domains, such as the LRR
caused spurious hits. Searching was repeated until the result set
converged for an expectation (E)-value cutoff of 10−7. The
BLOSUM-62 matrix was used (Henikoff and Henikoff, 1992).
All sequences were subsequently cropped to the region
spanning from the P-loop up to the GLPL region (core NBS)
via scripted paired alignment to the seed sequence using Perl
scripting and custom EMBOSS (European Molecular Biology
Open Source Suite, http://www.hgmp.mrc.ac.uk/Software/EM-
BOSS) library extensions for global alignment. The resulting
dataset was aligned using T-Coffee (Notredame et al., 2000;
http://igs-server.cnrs-mrs.fr/~cnotred/Projects_home_page/
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conserved motifs between the P-loop and GLPL region were
removed.
2.2.2. Hidden Markov model searches
A profile hidden Markov model (HMM) search was trained
to detect putative member sequences among the gene indices
(GIs) maintained by The Institute for Genomic Research (TIGR;
http://www.tigr.org). The EST set used as starting point for
clustering contains among others 540000 wheat and 340000
barley EST's recently generated through efforts of the
International Triticeae EST Cooperative (ITEC, http://wheat.
pw.usda.gov/genome), the USDA-ARS Center for Bioinfor-
matics and Comparative Genomics at Cornell University (http://
www.ars.usda.gov) and the U.S. Wheat Genome Project (http://
www.ars.usda.gov/NSF).
A profile HMM for the NBS domain of the Triticeae was
trained on the T-Coffee alignment of the PSI-BLAST dataset.
This model was used to scan through the barley and wheat
translations at an E-value threshold of 10, with E-values
computed from the size of the Pfam-database (Protein families,
http://wustl.pfam.edu). All profile HMM training and searches
were conducted using the HMMer package (Durbin et al., 1998;
http://selab.janelia.org/publications.html).
2.2.3. Dataset reduction
Since many of the sequence pairs in the final alignment were
near identical, the dataset was reduced by filtering out all
sequences showing more than 95% identity. This was
accomplished by Perl scripted looping with distance calcula-
tions performed by a modified version of the Needle program of
the PHYLIP package (Felsenstein, 1989) which implements the
Needleman–Wunsch global alignment algorithm (Needleman
and Wunsch, 1970). The Needle program was modified to
ignore terminal gap overhangs in computing percentage amino-
acid identity when comparing sequences of different lengths.
2.2.4. Multiple sequence alignment
Sequence alignment was performed using the profile HMM
models built for database mining in order to improve the
alignment of conserved motifs hidden in more variable regions.
HMM based alignments are also much faster than pairwise
methods such as T-Coffee and ClustalW (Thompson et al.,
1994) once the profile HMM model has been built and are very
accurate. Full length or fragmentary sequences can also be
added to existing alignments with ease (Eddy, 1998, 2004).
Multiple sequence alignments were manually edited mainly for
removing large indel (insertion–deletion) regions using the
BioEdit sequence alignment editor (http://www.mbio.ncsu.edu/
BioEdit/bioedit.html), since indel regions can create large
biases in phylogenetic results. Gap positions were also flagged
as uninformative characters.
2.2.5. Phylogenetic inference
The immense size and diversity of the NBS-LRR family
provided a particularly challenging dataset for phylogenetic
methods. In order to cross-validate results, various basic phylo-genetic approaches were applied. All indel and unreliably
aligned regions in multiple sequence alignments were removed
prior to application of distance, parsimony and maximum-
likelihood methods.
2.2.6. Distance methods
The alignment obtained by data mining was bootstrapped to
1000 replicates. Pairwise distance matrices were generated using
the PAM (Point Accepted Mutations) series of scoring matrices
(Dayhoff et al., 1983) via the Protpars program (Felsenstein,
1989), which was executed in parallel across a 64 node Linux
cluster using C programming language Message Passing
Interface (MPI) controlled execution of the Protdist program.
Distance trees were constructed from the distance matrices
generated using the neighbor-joining approach as implemented
in the Neighbor program of the PHYLIP package (Felsenstein,
1989), and a consensus tree indicating bootstrap support was
generated for the 1000 distance trees using the Consense
program of the PHYLIP package. The branches of the final
bootstrapped topology were augmented with maximum-likeli-
hood distance estimates as computed by the TREE-PUZZLE
program (Schmidt et al., 2002; http://www.tree-puzzle.de/). The
BLOSUM62 distance matrix (Henikoff and Henikoff, 1992)
was chosen along with accurate parameter estimation and eight
Gamma-distributed rate categories allowing for heterogeneous
substitution rates across sites, since the substitution pattern of
accepted mutations along positions in the NBS domain differs
greatly along sites.
2.2.7. Maximum likelihood
Maximum-likelihood methods were performed using the
TREE-PUZZLE program (Schmidt et al., 2002). TREE-
PUZZLE was implemented using eight Gamma-distributed
rate categories. As only clades with support levels above 50%
are created, trees with multi-furcating nodes are generated
whereas the distance and parsimony approaches both yield only
bifurcating trees. The parallelised version of the TREE-
PUZZLE program was used for all maximum-likelihood
methods and was executed across a 64-unit Linux cluster.
2.2.8. Maximum parsimony
Parsimony analysis was performed using programs in the
PHYLIP package (Felsenstein, 1989). Sequence datasets were
bootstrapped using the seqboot program and execution of the
protein parsimony program (protpars) was distributed in parallel
over a 64-unit Linux cluster using theMessage Passing Interface
(MPI) as implemented in the Local Area Multicomputer (LAM).
Consensus generation was performed using the Consense
program with default parameters (Felsenstein, 1989).
2.2.9. Tree visualization
Due to the large number of leaf nodes present for the
constructed phylogenetic trees, standard freeware tree visuali-
zation packages such as TreeView (http://taxonomy.zoology.
gla.ac.uk/rod/treeview.html) were not viable for visualization
and manipulation of the large tree-structures produced by the
various phylogenetic approaches. Visualization was thus
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additional options for tree viewing such as translation, zooming
and rendition of large tree-images to bitmap (BMP) image files.
Support was also integrated for manual co-linearization of
terminal nodes for comparing the topologies obtained for the
various phylogenetic approaches. Support was also included for
rendering the results of the Multiple EM for Motif Elicitation
(MEME; http://meme.sdsc.edu/meme/website/intro.html) (Bai-
ley and Elkan, 1994) motif discovery tool in association with
terminal node labels.
2.2.10. Motif extraction
Short conserved motifs were extracted from the alignment
used for phylogenetic tree construction using MEME (Bailey
and Elkan, 1994). MEME output includes “machine readable”
format that allows visual association of MEME motif hits for
individual sequences with their position in the phylogenetic
trees (see tree visualization).
2.2.11. Synonymous and non-synonymous substitution rate
estimation
The method of Li et al. (1985), as extended by Pamilo and
Bianchi (1993) and Li (1993), and based on Kimura's two
parameter model of nucleotide substitution (Kimura, 1980) were
applied for estimating non-synonymous (Ka) and synonymous
(Ks) values. Ka:Ks ratios were calculated for selected clades by
taking the average value calculated for all pairwise comparisons
using MEGA version 3.0 (Kumar et al., 2004).
2.2.12. Detection of gene conversion
In this study, gene conversion was investigated for nucleotide
alignments of specific clades identified in the phylogenetic
analysis. In order to determine the gene-conversion events in
nucleotide and protein sequence alignments, GENECONV
(Sawyer, 1999; http://www.math.wustl.edu/~sawyer/geneconv/)
was used. Only fragments with P-values less than 0.05 are
considered candidate gene-conversion events.
2.3. Amplification of R gene sequences
2.3.1. DNA extraction
DNA extractions were performed according to the protocol of
Edwards et al. (1991). Approximately 0.5 g fresh leaf material
was used for extractions and this yielded sufficient amounts of
genomic DNA to allow direct scooping following ethanol
precipitation. Extracted DNA was examined by 1% (w/v)
agarose gel electrophoresis and spectrophotometry at wave-
lengths of 230, 260, 280 and 320 nm.
2.3.2. Polymerase chain reaction
A previously mapped NBS-LRR gene was targeted for allele
amplification across the wheat genome donor group, namely the
go35 gene at the Cre3 locus (Lagudah et al., 1997). PCR
reaction conditions for the amplification of specific sequence
fragments were as follows: 100 ng genomic DNA, 0.2 μM of
each primer, 0.16 mM dNTP's, 2 mM magnesium chloride,
1×Promega PCR buffer (without MgCl2) and 1 U of Taq DNApolimerase (Promega). Predicted Tm values for primer sets as
calculated by the manufacturer were applied during PCR
amplifications. Thermocycling was performed in a Perkin
Elmer PCR System (GeneAmp 9700). The cycling parameters
consisted of denaturation step of 5 min, which was followed by
30 cycles of amplification for 30 s at 95 °C; 30 s at 57 °C and
30 s at 72 °C; and a final extension of 5 min at 72 °C.
2.3.3. Characterization and sequencing
The PCR amplification products generated by degenerate
and specific primer sets were examined by 1% (w/v) agarose gel
electrophoresis. Selected bands amplified by degenerate primer
sets were extracted from agarose gels and purified with the
Geneclean III kit (BIO101, Carlsbad, California, USA).
Amplification products were ethanol precipitated and cloned
into Promega pGEM®-T Easy vector. High efficiency
(N108 cfu/μg) E. coli JM109 cells (Promega) were transformed
with ligation mix and plated onto Luria–Bertani (LB) plates
augmented for α complementation with 80 μg/ml X-gal (5-
bromo-4-chloro-3-indolyl-β-D-galactosidase) and 0.5 mM
IPTG (isopropyl-β-D-thiogalacto-pyranoside). Inserts in white
colonies were examined by PCR using small amounts of colony
material (Güssow and Clackson, 1989). Sp6 (5′-CATACGATT-
TAGGTGCCACTATAG-3′) and T7 (5′-TAATACGACTCAC-
TATAGGG-3′) promoter targeted primers were used for
amplifying cloned fragments.
Colony PCR products from clones containing fragments of
the required sizes were sequenced using BigDye™ Dye
Terminators v3.0 (Applied Biosystems, Warrington, UK) and
the ABI TM 3100 automated sequencer (Applied Biosystems,
Warrington, UK). Base calling was performed using the Perkin
Elmer Software and curated by hand where necessary.
3. Results
3.1. Database mining
To obtain a comprehensive dataset of Triticeae NBS-LRR
sequences for phylogenetic analysis, sequence data was mined
from protein annotations in Genbank and additional data
gathered from EST data. The gene indices compiled by TIGR
were used as source for the EST data. However, analysis was
restricted to the NBS domain since it shows the highest degree
of motif conservation which greatly facilitates database mining,
multiple sequence alignment and distinction of TIR-NBS-LRR
and CC-NBS-LRR genes.
3.2. PSI-BLAST search
For the Triticeae tribe, a PSI-BLAST search was performed
on the Genbank database at NCBI using the Lr21gene of A.
tauschii as initial query. This was done firstly to obtain all NBS-
LRR protein sequences for the Triticeae in Genbank and
secondly for providing an alignment of the Triticeae NBS-LRR
family upon which the HMM model can be built for refined
searching of the wheat EST data curated by TIGR. The PSI-
BLAST search was performed using only the NBS domain of
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iterations at an E-value threshold of 10−7. Only 106 of the 164
hits obtained spanned the P-loop and GLPL motifs and all hits
were cropped. Eleven of the 106 sequences clearly lacked one
or more of the motifs found in the NBS region of NBS-LRR R
genes. The remaining 95 sequences were derived from the
species A. tauschii, T. aestivum, T. turgidum, Hordeum vulgare,
A. ventricosa, T. monococcum, Thinopyrum intermedium and
Secale strictum. To maximally extend this dataset, an initial
alignment was generated for training an HMMmodel to be used
for detecting NBS-LRR homologues in wheat EST data.
3.3. Hidden Markov model searching of EST databases
The wheat and barley gene indices compiled by TIGR
(version: Release 7.0 August 20, 2003) were downloaded as
FASTA format flat files. A total of 109509 wheat gene indices
were compiled from 315276 individual ESTs and consisted of
68161 singletons and 41348 tentative cluster consensus
sequences. The 41190 barley gene indices (version Release
7.0 August 20, 2003) were compiled from 343206 individual
ESTs and consisted of 27930 singletons and 21955 tentative
cluster consensus sequences. Current estimates on transcrip-
tome coverage for wheat are in the range of 80% with transcripts
assigned to 32881 gene clusters (each representing the A, B and
D genome homeologues). For barley, EST data has been
clustered and assigned to 22000 genes representing the barley
transcriptome for micro-array analysis. The significantly greater
extent of barley EST clustering observed in the TIGR gene
indices appear to be due to unlinked EST clusters originatingTable 1
Summary of major motifs detected in NBS-LRR dataset using MEME (Bailey and
Motif Consensus sequence a
1 LKGKRYLLVLDDVW (Tritic
KRFLLVLDDIW (A. th
RLDKKVLIVLDDVD (A. th
2 GMGGVGKTTLAQxVY (Tritic
VGYIGMGGVGKTTLARQIF (A. th
VGIWGPPGIGKTTIARALF (A. th
3 DQRVKEHFDVRAWVCVSQxFDVxKLLKEI (Tritic
VKxGFDIVIWVVVSQEFTLKKIQQDILEK (A. th
DYGMKLHLQEQFLSEILNQKDIKIxHLGV (A. th
4 NKGSRILVTTRIKDVAKxxCx (Tritic
NGCKVLFTTRSEEVC (A. th
QLDALAGETxWFGPGSRIIVTTEDK (A. th
5 ELEEIGKKIAKKCGGLPLAA (Tritic
EVAKKCGGLPLALKVI (A. th
EVAxLAGGLPLGLKVL (A. th
6 LxEDDSWxLFxKRAF (Tritic
KVECLTPEEAWELFQRKV (A. th
NHIYEVxFPSxEEALQIFCQYAFGQNSPP (A. th
7 FDCRAFVSVSQNPDMKKLLKDIL (Tritic
VKxGFDIVIWVVVSQEFTLKKIQQDILEK (A. th
DYGMKLHLQEQFLSEILNQKDIKIxHLGV (A. th
8 DExLWDxIKCAFPDN (Tritic
9 DEDEWKKLLAAPLKKG (Tritic
Residues identical to the Triticeae motifs in the Arabidopsis motifs are indicated in
a x = any other amino acid.from single wheat transcripts, rather than differences in
transcriptome coverage or sampling error.
A 178-position profile HMM was trained and calibrated for
the 89 sequence T-Coffee alignment of the final PSI-BLAST
dataset using the HMMer toolkit. This HMM was used for
searching translations of the EST data in all six reading frames,
and the resulting ORFs were searched using the PSI-BLAST
based HMM model. Altogether 70 sequences were detected for
the wheat dataset and 97 hits for the barley dataset. Of these hits,
22 spanned the P-loop and GLPL motifs for wheat and 67 for
barley.
Both the PSI-BLAST and EST datasets were non-redun-
dantly merged for accession, sequence and subsequence
duplication using custom Perl scripts controlling execution of
EMBOSS tools. Of the 22 wheat EST sequences, six were not
presented in the PSI-BLAST results, while 25 of the 67 barley
EST sequences were not duplicated in the PSI-BLAST results.
The profile HMM search thus contributed significantly to the
data-mining set, adding 6 wheat and 25 barley transcript
sequences to the final 155-sequence dataset.
Preliminary alignments of the 155 sequence dataset revealed
a number of sequences having near-identical allelic or
orthologous sequences. Regarding the low level of average
sequence identity between NBS sequences (around 30%); the
dataset was further reduced by removing all sequences with
representatives within a 5% amino-acid difference range. This
reduced the 155 sequence dataset to 92 sequences, leaving 5
wheat EST sequences, 22 barley EST sequences and 60 PSI-
BLAST obtained sequences. The sequences eliminated at this
stage were stored and all multiple taxon sequence sets collapsedElkan, 1994)
Annotation E-value
eae CNL) Kinase2 6.1e−886
aliana CNL)
aliana TNL)
eae CNL) P-loop 8.5e−728
aliana CNL)
aliana TNL)
eae CNL) RNBS-A 1.3e−750
aliana CNL)
aliana TNL)
eae CNL) RNBS-B 1.3e−750
aliana CNL)
aliana TNL)
eae CNL) GLPL 3.6e−552
aliana CNL)
aliana TNL)
eae CNL) RNBS-C 9.1e−419
aliana CNL)
aliana TNL)
eae CNL) RNBS-A alternative 1.4e−132
aliana CNL)
aliana TNL)
eae CNL) N-terminal to kinase2 5.4e−122
eae CNL) N-terminal to kinase2 alternative 1.0e−111
bold.
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Fig. 2. Multiple sequence alignment for nucleotide sequences obtained using the go35 primer. Cultivars are indicated: CS = Chinese Spring, X88 = Xinong88 and Dn1 =
‘TugelaDN’. Inferred genome source is indicated by a B or D. Synonymous and non-synonymous substitutions are indicated on white and black backgrounds respectively.
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this point, a pairwise distance matrix was generated for the
dataset to assess the level of sequence divergence. For the 92
Triticeae sequence dataset the average pairwise distance was
177 PAM units (Point Accepted Mutations per 100 residues).
3.4. Motif analysis
Motifs were detected in the Triticeae sequences usingMEME
for comparison to NBS motifs of CNL and TNL genes from
other plant taxa and for validating the presence of key motifs
identified in other studies. MEME was set to detect nine motifs,
leaving the possibility of detecting motifs additional to the six
major motifs described in the NBS region. The unaligned dataset
was analyzed and results obtained in both the standard HTML
format and as motif summaries with coordinates for co-
visualization with the phylogenetic trees to be generated. The
consensus MEME motifs obtained for the Triticeae dataset
(Table 1) had all the motifs present in functional NBS domains,
in the expected order (Fig. 1). The distribution of the internalFig. 1. Maximum likelihood based phylogeny reconstructed using the TREE-PUZZLE
was used. Motif structures are indicated opposite corresponding nodes (numbers corres
clade structures discussed are indicated with round braces, and barley chromosome pos
site as computed by the ML implemented in TREE-PUZZLE.motifs (RNBS-A, kinase2, RNBS-B and RNBS-C) over
individual sequences present in individual Triticeae sequences
is illustrated in Fig. 1.
Two alternative versions of the RNBS-A motif were detected
by MEME and are listed in Table 1. The visual representation of
motif occurrences (Figs. 1 and 2) shows that the alternate
RNBS-A motif did not form monophyletic clades as might be
expected. An additional motif was also detected between the
kinase2 and RNBS-B motifs in two alternate forms. The
visualizations (Figs. 1 and 2) show that these alternate forms
occur in separate sequence clades, although not forming a strict
monophyletic group across all three phylogenetic approaches
(data not shown). The substitution patterns within these motifs
might be interdependent yielding similar motif patterns in
separate clades through homoplasy. Structural constraints on the
NBS region are also apparent in the variation of intermotif
distances (Fig. 1). The highest variability was seen in the
longest spacer region stretching between the RNBS-A and
kinase2 motifs, probably due to the greater number of functional
configurations for this peptide.program (Schmidt et al., 2002). The 118 amino-acid sequence alignment described
pond to motifs in Table 1) as detected by MEME (Bailey and Elkan, 1994). Major
itions indicated where known. The scale bar indicates amino-acid substitutions per
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In order to compare the Triticeae NBS-LRR gene family
with the 25 characterized CNL R gene sequences, phylogenetic
analysis was performed on a non-redundant combination of the
Triticeae dataset and all 25 CNL R gene sequences. Few Triti-
ceae sequences spanned the full NBS domain. To include the
maximum number of fragmentary sequences while retaining the
motifs sufficient for distinguishing TNL and CNL genes,
phylogenetic analysis was limited to the core-NBS fragment
spanning the P-loop and GLPL motifs. The NBS domain of the
Apaf-1a gene for Rattus norvegicus was added as outgroup,
yielding a final dataset of 118 sequences. This dataset was
aligned using the Triticeae CNL HMM built for EST data
mining and three basic phylogenetic methods namely distance,
parsimony and maximum likelihood were performed. This
allowed comparison of clade support across multiple approaches
for this highly divergent dataset.
In the multi-furcating ML tree obtained using the TREE-
PUZZLE program (Fig. 1), the three phylogenies were co-
linearized for their terminal node order using the java-based
viewer developed, allowing visual comparison of all three
phylogenies for clade support across methods. Statistical
support for branching patterns of the ML phylogeny (Fig. 1)
was calculated via quartet puzzling as percentage of occurrence
in intermediate trees. TREE-PUZZLE generates by default only
branching patterns with statistical support values of 50% and
higher.
The ML tree (Fig. 1) contains a total of nine singletons and
twenty-seven gene clades. The larger clusters and those
containing R genes were labeled alphabetically from A to P.
The majority of clades were supported by at least two of the
three phylogenetic methods employed (data not shown). The
low levels of statistical support obtained for deeper branching
patterns was mostly due to the limited length of sequence
alignment available for phylogenetic analysis, the large number
of sequences in the dataset and limited alignability of intermotifTable 2
PCR band sizes and most significant BLAST hits to Genbank for sequenced bands
Expected fragment sizes go35 (Kinase2 to MHD) 45
Triticum aestivum
Triticum urartu (AA) PCR bands: Bla
1100 bp No
Aegilops speltoides (BB) PCR bands: Bla
530 bp go3
890 bp
370 bp
Aegilops tauschii (DD) PCR bands: Bla
450 bp go3
Triticum turgidum (AABB) PCR bands: Bla
430 bp go3
Triticum aestivum (AABBDD) ‘Tugela DN’ PCR bands: Bla
470 bp go3
Percentage identity is indicated where homologues to the targeted genes were amplregions. Sequence conversion and recombination was also
assessed as discussed below, but did not appear to contribute
significantly to the unresolvability of deep branches.
Substitution rates varied significantly between the different
clades (Fig. 1). This appears to be an inherent problem when
generating phylogenies for large datasets (order of one hundred)
using limited lengths of sequence alignment. The average
distance per sequence for the ML, distance and parsimony trees
was 52, 39 and 42 PAM units, respectively.
3.6. Clades containing functional homologues
Of the 25 isolated CC-NBS-LRR R genes (Fig. 1), thirteen
occur in ten of the Triticeae clades, while the remaining twelve
form a single clade in both distance and parsimony analysis.
Eight of these thirteen overlapping R genes are from grass
genomes and the remaining five from dicotyledonous species
[Clades H and I contain RPI (Solanum bulbocastanum) and I2
(Lycopersicon esculentum) respectively, while clades J and N
contain RPS2 (also RPS5) and RPM1 from A. thaliana
respectively]. Considering that only a small fraction of the
expected number of Triticeae NBS-LRR genes were available
for this analysis, the degree of overlap between the dicotyle-
donous CNL R genes and the Triticeae NBS-LRR family is
striking, suggesting that the NBS-LRR family in the Triticeae
also functions mainly in resistance.
Three of the 25 CNL R genes included originate from the
Triticeae: Lr21 from A. tauschii, Lr10 from T. aestivum and
Mla from H. vulgare. The clade composed of E and F contains
in addition to Lr21, the go35 CC-NBS-LRR sequence for the
Cre3 nematode resistance locus (chromosome 2DL) and the
KSU945 (gi17940787) sequence mapped to chromosome 2D.
KSU945 and go35 were selected for amplification across the
diploid genome donors of wheat as well as their polyploid
derivatives. No closely related barley homologues for the
sequences in clades E and F have been isolated, although close
relatives for A. ventricosa and T. turgidum are known.7 bp KSU945 (P-loop to RNBS-B) 351 bp
Triticum aestivum
st hits: PCR bands: Blast hits:
t detected 350 bp KSU945 (95% identity)
550 bp Actin
st hits: PCR bands: Blast hits:
5 (98% identity) 350 bp KSU945
550 bp (91% identity)
st hits: PCR bands: Blast hits:
5 (100% identity) 210 bp Not detected
st hits: PCR bands: Blast hits:
5 (99% identity) 440 bp Chloroplast sequence
st hits: PCR bands: Blast hits:
5 (99% identity) 370 bp KSU945 (89% identity)
250 bp
ified.
Fig. 3. Multiple sequence alignment for translations of nucleotide sequences obtained using the go35 primer. Cultivars are indicated: CS = Chinese Spring, X88 =
Xinong88 and Dn1 = ‘TugelaDN’. B or D indicates inferred genome source. Residues at the start of the alignment that were translated from nucleotides with
ambiguous base calls were excluded.
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The Triticeae NBS-LRR phylogram (Fig. 1) contain three
clades (B, C and G) with numerous barley sequences that have
diverged recently. Datasets including all sequences removed at
the 5% identity cropping step were generated for these clades,
yielding 46 coding sequences for clades B and C, and 12 coding
sequences and 3 pseudogenes for clade G (mapping positions
are indicated). The pair of clade B sequences on chromosome
5H, the pair of clade C sequences on chromosome 2H and the
pair of sequences on chromosome 7H is found clustered in
regions spanning around 5 cM. Clades B, C and G have
diverged to different degrees with average pairwise PAM dis-
tances of 0.20, 0.36 and 0.47, respectively, and this correlates
well with the number of chromosomal locations that members
have been mapped to, with clade B sequences mapping to one
chromosome, clade C to two and clade G to three. These young
paralogous sequence groups were investigated for their mode of
evolution by examining non-synonymous to synonymous
substitution rates and by testing for tracts of gene conversion.
3.8. Non-synonymous to synonymous substitution ratios
Average pairwise Ka:Ks ratios obtained were 0.33, 0.36 and
0.32 for clades B, C and G, respectively. The low Ka:Ks ratios
indicate large deviations from neutrality, with all three sequence
clades evolving under purifying selection. No sequence pairs
had Ka:Ks ratios close to, or larger than one. All of the
sequences in clades B and C were obtained by genomic PCR,
and virtually all of those tested for expression were detected by
RT-PCR. Taken together, both Ka:Ks ratios and active
transcription status indicate that sequences in these new clades
are not pseudogenes.
3.9. Gene conversion and unequal recombination
Gene conversion was detected in the nucleotide sequence
alignments of the NBS domains for clades B, C and G using the
program GENECONV with various values for the mismatch
parameter. The only statistically significant tracts of gene
conversion detected were limited to short stretches occurring inhighly conserved motifs. These short tracts (7 to 11 nucleotides)
appear to be due purely to homoplasy between highly divergent
sequences evolving under the same selective constraints.
3.10. Allele sequencing
To examine the fate of recently duplicated NBS-LRR genes
in the Triticeae, two NBS-LRR genes designated go35 and
KSU945 were chosen for amplification across the diploid and
polyploid species of the wheat complex. The go35 gene from
the Cre3 locus of A. tauschii has previously been mapped to
homeologous positions on the long arms of chromosomes 2B
and 2D, and the KSU945 sequence to chromosomes 1B and 2D.
For the section of the Cre3 region spanning the kinase2 to
GLPL motif, PCR bands of the expected size (460 bp) were
obtained for A. speltoides (BB), A. tauschii (DD), T. turgidum
(AABB) and hexaploid wheat (AABBDD), but was again
lacking in T. urartu (AA), from which was amplified only a
single 1100 bp fragment (Table 2). The sequence for the 460 bp
bands was determined and blasted against Genbank, identifying
all as potential go35 alleles (N98% identity). The sequences
derived from tetraploid (T. turgidum) and hexaploid wheat (T.
aestivum) contained four of the five silent substitutions seen in
the A. speltoides sequence, as well a single non-synonymous
substitution in the GLPL motif, mutating the motif from
LKGSPLAART to LKESPLAART. This mutation is very likely
to have functional consequences and may indicate diminished
selection pressure at this locus in polyploid wheat, although
alternative explanations exist for this substitution pattern,
including the bottleneck effect brought about by the two
polyploidization events of wheat. The lack of a go35
homologue in the A genome however, shows that it did not
buffer this locus in T. turgidum so as to relax selective constraint
by duplicating function.
BLAST searching was performed to further augment the
go35 sequences obtained for polyploid wheats (Figs. 2 and 3).
The TIGR gene index for the wheat go35 gene was based on a
cluster composed of five sequences. Four of the five sequences
spanned parts of the core-NBS domain, one being the full length
coding sequence from A. tauschii. The three wheat NBS
fragments spanning the NBS were obtained from wheat
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go35 sequence and the A. tauschii go35 sequence, the three
sequences were classified as derivatives of either the B or D
genome versions. Two of the three genes were derived from
Xinong88 and one from Chinese Spring. The Chinese Spring
derived gene and one of the two Xinong88 derived genes are
most probably B-genome derived and contain four of the five
silent mutations seen in the A. speltoides go35 version, but both
lacked the non-synonymous substitution seen in the GLPL
motif of the T. turgidum and T. aestivum versions (Fig. 3). This
might be due to introgressed segments in the Xinong88 and
Chinese Spring cultivars, since T. turgidum and ‘Tugela DN’ T.
aestivum contained this mutation. The remaining Xinong88
sequence differed by one silent and one non-synonymous
substitution from the A. tauschii go35 sequence (Fig. 3),
mutating the GSKILVTTR RNBS-B motif to GSKIPVTTR,
and is likely derived from the D genome.
The fragment sizes indicated in Table 2 for the KSU945
derived primer pair shows that fragments of roughly the
expected size (351 bp) were obtained from T. urartu (AA), A.
speltoides (BB) and T. aestivum (AABBDD). Sequence analysis
confirmed that the fragments were indeed closely related to the
published KSU945 sequence, but that pairwise sequence
identity was around 90%, indicating that the amplification
products are most likely paralogues at different chromosomal
loci. Average pairwise Ka:Ks ratios between the three
sequences and the published KSU945 sequence for T. aestivum
was 0.55, showing that some of the genes in this group are
evolving under purifying selection. In this study, no bands of the
expected size range were obtained from the A. tauschii genome,
possibly due to differences in the primer binding sites. This also
appears to be the case for the T. turgidum (AABB) genome.
4. Discussion
Wheat and barley transcripts constituted the majority of
NBS-LRR sequences for the Triticeae tribe, mainly due to the
large EST sequencing efforts that have been initiated for these
two crop species [the International Triticeae EST Cooperative
(ITEC), the USDA-ARS Center for Bioinformatics and
Comparative Genomics at Cornell University and the U.S.
Wheat Genome Project]. In order to characterize the domain
structure, diversity and evolution of the CNL gene family in
cereal species of the Triticeae tribe, we mined a comprehensive
set of the Triticeae NBS-LRR gene family members from these
public sequence databases. Although the iterative data-mining
approach significantly extended search results, a low number of
CNL genes were detected when considering transcriptome
coverage and projections of total family size.
Previous studies has shown that the rice genome (i.e.,
400 Mb in size) contains in excess of 600 CC-NBS-LRR genes
(Bai et al., 2002), thus the obtained 95 sequences represent only
a small subset of the complete gene family projected for species
of the Triticeae tribe, especially for wheat (16000 Mbp genome;
Arumuganathan and Earle, 1991). It seems that despite the
extensive transcript sequencing efforts, the majority of NBS-
LRR gene family members have not yet been detected for wheator barley. With current estimates of wheat transcriptome
coverage in the range of 80% (Ogihara et al., 2003), the
fraction of NBS-LRR genes mined is disproportionately small.
This can be expected if genes of the NBS-LRR family in the
Triticeae are expressed constitutively at very low levels, as
would be the case for receptor proteins located at the very start
of signal transduction pathways (Shen et al., 2002).
The significantly higher number of barley hits was best
explained in this case by a relatively higher presence of rare
transcripts in the barley cDNA libraries used for EST
generation, which would be the case if a higher fraction of
barley cDNA libraries were normalized.
4.1. Motif analysis indicate typical CNL NBS-core for Triticeae
NBS-LRRs
Motif analysis revealed that all motifs previously character-
ized in the core-NBS domain of numerous plant taxa were
present in the sequences obtained by database mining (Meyers
et al., 1999, 2002, 2003). It has previously been shown that
NBS-LRR genes of the CNL and TNL subclasses can be
distinguished by the motif variants present in their NBS
domains (Pan et al., 2000). PSI-BLAST searches at Genbank
were thus sufficient for generating a base set of annotated NBS-
LRR proteins for the Triticeae. The HMM built from this base
set retrieved a significant number of non-redundant entries from
translations of TIGR gene indices, showing that EST clustering
added significant value to wheat and barley EST data and that
building the HMM model for harvesting NBS-LRR sequences
enhanced detection of distant homologues. Previous studies
(Bai et al., 2002; Meyers et al., 2002; Monosi et al., 2004)
utilized only BLAST-based searches or combined them with
HMM searches using the Pfam (Protein families database of
alignments and HMMs) NB-ARC HMM (pfam00931.11).
Since the Pfam NB-ARC domain is based on only 9 NBS
regions derived from dicotyledonous R genes and vertebrate
outgroup sequences, the Triticeae specific HMM used in this
study should enhance the sensitivity of TIGR gene index
searches.
Comparison of the motifs generated for the Triticeae dataset
with those generated for the full compliment of Arabidopsis
CNL and TNL genes by Meyers et al. (2003), revealed that
except for the RNBS-B motif, all Triticeae motifs were more
similar to their CNL than TNL counterparts in Arabidopsis. This
is in agreement with previous studies concerning the NBS-LRR
gene family in cereals and other monocotyledons. The presence
of TIR-NBS-LRR genes in gymnosperms (Meyers et al., 2002;
Morgante and Michelmore, 2002) and apparent absence in the
Triticeae and other monocotyledonous plants could be explained
by a loss of TIR-NBS-LRR genes from the common ancestor of
modern monocotyledonous plants. Interestingly TIR-X and
TIR-NBS genes are still present at low levels in grass genomes
(Meyers et al., 2002), with these genes expected to interact
through homodomain interactions with TIR-NBS-LRR genes
like the MyD88 protein in animal systems.
Some Arabidopsis CNL type R genes, such as RPP13 have
RNBS-B motifs more similar to the Triticeae RNBS-B motif.
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RNBS-B motifs of the majority of Arabidopsis CNL sequences.
Since all remaining motifs showed much higher similarity to
their CNL counterparts in Arabidopsis, all NBS domains in the
dataset appear to belong to CNL genes, in accordance with
previous studies of this gene family in monocotyledons (Leister
et al., 1998; Pan et al., 2000; Bai et al., 2002).
4.2. Phylogenetic analysis reveals significant overlap with
functional CNL R genes
Three phylogenetic methods were applied to the Triticeae
NBS-LRR dataset in combination with the set of all
characterized CNL R genes; distance, parsimony and maximum
likelihood. As one would expect for a more restricted taxonomic
group, the obtained PAM units is lower than the 63.3 PAM units
per sequence calculated for the multi-taxon CC-NBS-LRR
family tree produced in the study of Cannon and Young (2003),
but similar to the 40.9 PAM per sequence calculated for the
Arabidopsis CNL tree produced in the same study.
Two motifs were detected in alternate forms, but these
variants were not strictly monophyletic, as might be expected.
Intramotif dependencies with regards to substitution patterns
might explain the independent generation of similar motifs in
separate lineages, or alternatively the motif variants might be
monophyletic in a better-resolved phylogeny. Previous studies
on NBS-LRR evolution have not reported on patterns of motif
distribution within phylogenies of the CNL or TNL subfamilies.
Ten of the twenty-seven sequence clades on the maximum-
likelihood tree were supported by functional R gene members, of
which five were of dicotyledonous origin (Fig. 1). It should also
be noted that four of the five dicotyledonous R genes are
considered ancient; RPS2, RPS5 and RPM1 exist as singletons
with conserved alternate haplotypes (Grant et al., 1995; Caicedo
et al., 1999; Tian et al., 2002), while the RPI locus contains four
paralogues with high synonymous divergence and few amino-
acid substitutions (Van der Vossen et al., 2003). Interestingly,
both RPS2 and RPM1 from Arabidopsis are known to guard a
single host protein, RIN4 (closest grass homologue: 37%
identity in O. sativa) against modification. It might thus be
that these ancient R genes have a conserved guard function
across a wide range of plant taxa, as opposed to newer rapidly
evolving clusters.
The Lr10 locus also exists as a singleton with a balanced
polymorphism for a functional allele and null allele (Scherrer
et al., 2002). Lr10 was grouped in the ML tree with a single
orthologue from T. monococcum in clade L, consistent with it
being located on chromosome 1AS as singleton, the A genome
being closely related to that of T. monococcum (Kimber and
Sears, 1987). The Lr21 gene also occurs as a singleton (Huang
et al., 2003) on 1DS (Spielmeyer et al., 2000), and has a
proximally located paralogue that is closely related as seen in
clade E. The barley Mla locus is more complex with three
families of NBS-LRR sequences present and the closest barley
paralogue in clade K originating from this locus. As opposed to
Lr21 and Lr10, Mla contains multiple alleles conferring
specificity to various Blumeria graminis isolates. The closeorthology of the barley Mla gene with a wheat sequence as
indicated in clade K, shows that barley can be a good model for
the NBS-LRR family of wheat, whereas the rice R genes Pib,
Pi-ta and Xa1 have very distant orthologues in the Triticeae.
The significant overlap seen between this small fraction of the
Triticeae NBS-LRR gene family and the CNL R genes isolated
from various taxa strongly implicates a role in resistance for this
family in the Triticeae. In addition, the first three R genes have
recently been characterized for wheat, namely Lr21 (Huang
et al., 2003), Lr10 (Feuillet et al., 2003) and Pm3b (Yahiaoui
et al., 2004). All three of these R genes are members of the CNL
subfamily. Currently, no examples of NBS-LRR genes
performing functions different from that of typical R genes
have been characterized in plants (Belkhadir et al., 2004).
4.3. Absence of gene-conversion events support a different
model for Triticeae NBS-LRR evolution
Two important parameters were assessed to investigate the
evolutionary dynamics of three recently diverged barley
sequence clades in the dataset, namely gene conversion and
non-synonymous to synonymous substitution ratios. Despite
the inclusion of numerous closely related paralogous or allelic
sequences (N95% identity) in the analysis (Rostoks et al., 2002;
Madsen et al., 2003), no evidence of gene conversion was
detected; although interlocus and even a low rate of ectopic
gene conversion have been detected with strong statistical
significance in Arabidopsis and other dicotyledonous taxa
(Baumgarten et al., 2003). A low rate of gene conversion was
also found in grass R genes in the study of Zhang et al. (2001),
and is compatible with the birth-and-death model proposed by
Nei et al. (1997) for the MHC loci of vertebrates (Flajnik and
Kasahara, 2001) and adapted by Michelmore and Meyers
(1998) to the evolution of the NBS-LRR family in plants.
Contrasting models of NBS-LRR evolution have been
invoked for cereal and Arabidopsis NBS-LRR gene families.
Ectopic translocation of NBS-LRR genes in Arabidopsis appear
to have arisenmainly due to duplication of chromosome segments
(Baumgarten et al., 2003), while in cereals, retrotransposition and
retrotransposon-mediated ectopic recombination might have had
a greater influence (Leister et al., 1998). The tight co-linearity
generally observed for grass genomes (Gale and Devos, 1998)
also argues against the model of ectopic translocation by
segmental duplication as proposed for Arabidopsis. The large
fraction of retrotransposons making out grass genomes, is likely
to dominate ectopic translocation events, and might also be an
important factor in unequal recombination events that expand or
contract existing NBS-LRR clusters. Considering that gene
conversion is readily detectable between NBS-LRR loci in the
Arabidopsis genome, even between sequences located on
different chromosomes (Baumgarten et al., 2003), the absence
of gene conversion in this large sample of closely related
paralogous sequence groups is striking andmight indicate another
distinction between cereal and Arabidopsis NBS-LRR evolution.
Ka:Ks ratios for NBS-LRR loci investigated differ for
paralogues and homeologues, supporting a divergence-before-
duplication model for NBS-LRR gene family expansion.
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have detected positive selection for selected surface-exposed
residues in the LRR domain and purifying selection in the NBS
and TIR domains (Mondragón-Palomino et al., 2002). In this
study, the average pairwise Ka:Ks ratio was determined for the
core-NBS domain of closely related NBS-LRR genes that were
recently duplicated by two independent mechanisms: segmental
duplication (paralogues) and allopolyploidy (homeologues). We
determined the Ka:Ks ratio for the core NBS of CNL paralogues
in the three recently diverged barley sequence clades that we
assessed for gene conversion, and examined synonymous and
non-synonymous substitutions in the alleles of the go35
(Lagudah et al., 1997) and KSU945 (Maleki et al., 2003) loci,
of which the go35 locus is thought to have two homeologues
across a homeolocus based on results of previous hybridization
studies (De Majnik et al., 2003). All three barley clades were
found to evolve under purifying selection with Ka:Ks ratios
around 0.3 for all three clades investigated. No pairwise
comparisons within clades yielded Ka:Ks ratios indicative of
neutral evolution. For clades B and C, only non-pseudogenic
sequences were published whereas for the twelve sequences
published by Rostoks et al. (2002) for clade G, three were
pseudogenic. Low numbers of pseudogenes have also been
reported for the Arabidopsis genome, making out around 10%
of NBS-LRR genes in the genome.
Considering that NBS-LRR R genes function as single
dominant genes, with very low rates of transcription, it would
be expected that following a gene duplication event, one of the
two gene copies would experience no selection pressure and
evolve neutrally, most likely forming a pseudogene and not
diverging in function. Recent studies into the population
genetics of gene duplication have proposed that the vast
majority of duplications fixed in large populations are those
providing an immediate selective advantage (Otto and Yong,
2002). This is mediated by an initial divergence in function of
alleles at a single locus, with subsequent duplication by unequal
crossover resulting in a haplotype with permanent heterozygote
advantage. Considering that NBS-LRR alleles are known to
evolve independent functions at single loci [e.g. numerous Avr
recognizing specificities are encoded by alleles at the flax L
locus and the Arabidopsis RPP13 locus (Ellis et al., 1999;
Bittner-Eddy et al., 2000)] and that duplications of identical
alleles would provide no selective advantage as they act
qualitatively, the divergence-before-duplication model appears
to be a good alternative explaining the apparent lack of pseu-
dogenes that contradict current divergence-after-duplication
models (Michelmore and Meyers, 1998).
In addition to intercluster duplication and ectopic transloca-
tions, multi-gene families are also shaped by polyploidization
events. In this study, the fate of duplicate NBS-LRR loci was
studied in tetraploid and hexaploid wheat, which are recent
allopolyploids arising 10000 and 8000 years ago, respectively.
Since the three homeologous genomes of wheat are estimated to
have diverged between 2.5 and 4.5 million years ago (Kellogg,
2001; Huang et al., 2002a,b; Gill et al., 2004), it was possible to
distinguish genes for each subgenome in polyploid wheat based
on sequence homology to versions of the genome donor species.The go35 gene from the Cre3 locus has previously been
mapped to chromosome 2DL and hybridizes very specifically to
a Cre1 homeolocus on chromosome 2BL (De Majnik et al.,
2003). Functional overlap exists between R gene actions from
both Cre loci, in the form of resistance to the Australian
pathotype of the cereal cyst nematode (CCN).
In this study a PCR approach was used to clone and sequence
part of the NBS domain for the go35 gene from diploid and
polyploid wheats. In accordance with the study of De Majnik
et al. (2003), no homologue was detected in T. urartu by PCR
while near-identical sequences were obtained for T. aestivum
(‘TugelaDN’, Dn1 line), T. turgidum, A. tauschii and A.
speltoides. Translations of the B and D genome derived go35
sequences are identical, with five silent mutations distinguish-
ing the two copies, indicating strong purifying selection. Both
the go35 sequences obtained in this study from tetraploid and
hexaploid wheat appear to have been derived from the B
genome by sequence homology. Both contain a mutation in the
leading amino acid of the conserved GLPL motif, presumably
one of the first non-synonymous substitutions fixed in this
region since divergence of the A. speltoides and A. tauschii
versions. It is likely that this mutation negatively affects gene
function provided that the remainder of the gene is still
functional, since many single amino-acid substitutions in
individual NBS-LRR R genes are known to cause inactivation
(Yahiaoui et al., 2004). Since the go35 gene is most likely
absent from the A genome, the presence of this mutation in the
genome of T. turgidum (AABB) cannot be readily explained by
polyploid buffering, but might be due to relaxed selection
pressure brought about by the environmental changes associ-
ated with domestication or alternatively the genetic bottlenecks
introduced by polyploidization and domestication.
Of the three go35 sequences previously published for T.
aestivum, two sequences derived from the line Xinong88 (one B-
derived, one D-derived) also carried single non-synonymous
substitutions, while a third sequence derived fromChinese Spring
(B-genome derived) was identical in translation to the A.
speltoides and A. tauschii go35 sequences, differing from the A.
speltoides version by a single synonymous substitution. Consid-
ering that three out of the four go35 sequences from polyploid
wheat contained unique non-synonymous substitutions relative to
the A. tauschii and A. speltoides versions, relaxed selection
pressure at this locus is supported rather than a bottleneck effect,
although it is not possible to tell whether this was the result of
environmental factors associated with domestication or whether it
is evidence of polyploid buffering at a homeolocus in hexaploid
wheat. It appears that the go35 gene has either been lost in the
predecessor of diploid Triticum species or was gained in the Ae-
gilops genus. Alternative explanations include homeologous
recombination and reproducible selective sequence eliminations
in synthetic allopolyploids (Ozkan et al., 2001).
In conclusion, we found evidence for relaxed selection
pressure on both the B and D genome derived go35 sequences
in polyploid wheat as opposed to the complete amino-acid
sequence conservation for these genes in A. tauschii and A.
speltoides. This result is in accordance with previous studies on
the fate of duplicated genes in polyploids, where it was found
63F.B. Du Preez et al. / South African Journal of Botany 74 (2008) 51–64that resistance genes are preferentially lost after genome
duplication events, while highly expressed genes such as
rRNAs and tRNAs, and those that are dosage dependant are
often retained (Blanc and Wolfe, 2004).
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